In this paper, we demonstrate the feasibility of jointly inverting 4D gravity data collected on the surface and in a borehole setting to characterize fluid contact movement over time. As technology rapidly advances towards a practical borehole gravity meter capable of collecting data in horizontal monitoring wells, the foundations for properly inverting and interpreting these valuable data must simultaneously be developed. We demonstrate that 4D gravity method may contribute to improved production efficiency and reservoir management in-between the more traditional, and expensive, 4D seismic surveys. In our presentation, simulations are performed using a representation of the published Jotun Field in the Norwegian North Sea, a well-studied site demonstrating successful application of time-lapse (4D) seismic method after early rise in water cut, and therefore decline in production.
Introduction
Gravity technology is continuously advancing towards smaller and cheaper sensors capable of monitoring subtle time varying density changes during production and water injection. In particular, recent hype (more appropriately referred to as rumor at this stage) even hints at the development of the next generation of borehole gravity sensors capable of collecting high quality data in the horizontal well environment.
As these technologies continue to progress, the prospect of jointly utilizing surface and borehole gravity method as an additional tool for effective reservoir management becomes more viable. The approach should prove an effective, yet relatively cheap means of filling the void of knowledge between the more costly 4D seismic surveys.
To demonstrate the feasibility of the proposed method, we simulate density change from brine injection over a model created to mimic the Norwegian North Sea Jotun Field published by Gouveia et al., 2004 . We utilize relevant parameters for the Jotun reservoir, such as geometry, thickness, depth and porosity. Geometry of the simulated reservoir is illustrated in Figure 1 . In this presentation, we illustrate that a well-designed monitoring array of surface and borehole gravity meters can successfully image, at the least, lateral fluid contact movement during brine injection. Resolution may never achieve accuracy levels of 4D seismic; however the bulk distribution of time-varying density due to fluid replacement can be successfully recovered for comparison with projected fluid contact movement.
To demonstrate the need for such an inter-seismic monitoring approach, we simulate expansion of the Oil Water Contact (OWC) over time. During injection and production at Jotun in the early 2000's, a continuous horizontal shale layer, originally believed discontinuous within the reservoir resulted in approximately half the predicted vertical movement through the reservoir. To compensate for the decreased vertical sweep, an increased rate in lateral movement of the oil water contact (OWC) arose, which led to early rise in water cut, declining production and eventual well infill (Gouveia et al, 2004) .
In the following, we simulate increased lateral movement of fluid contact due to shallow vertical sweep using a reservoir model simulating the Jotun field scenario. We show that the time change in density contrast from increased lateral movement of the OWC may be 
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successfully recovered by jointly inverting surface and borehole gravity data during reservoir monitoring.
Reservoir Modeling

Density Model
The model we utilize for this study is a representation of the Norwegian North Sea Jotun Field. To construct a scenario representative of the true site, we built the model based on parameters representative of the field, extracted from the work of Gouveia et al., 2004 . Digitization of shape and scale provide the basic foundation for the model such that we can easily incorporate physical properties appropriate to the 4D gravity problem. The Jotun reservoir is comprised of distal gravity flow deposits dominated by sandy turbidites (Gouveia et al, 2004) , which we approximate by a matrix density of 2.65 g/cc. Top of reservoir is at a depth of 2000 meters, reservoir thickness is 30 meters, swept oil water contact (SOWC) is set to 18 meters from the base injector, and a porosity of 28% is used throughout the full reservoir. To calculate time-varying bulk density fluctuations, we use an oil density of 0.74 g/cc and brine density of 0.98 g/cc. The resulting change in bulk density from fluid contact movement is therefore 0.06 g/cc within the swept zones. Figure 2 illustrates lateral expansion of the swept zones and resulting time change in density distributions for this study. We next generate synthetic gravity data on the surface and borehole environment for this study.
4D Surface and Borehole Gravity Data
To test the feasibility of monitoring fluid contact movement, we first generate two separate data for joint inversion at different points in time. The first set is the surface data at 2000 meters above the field. The second are borehole data generated above the reservoir in two horizontal 'monitoring' wells. While depth of the reservoir is representative of the Jotun field, we note that station spacing and optimal survey design parameters based on surface exploration conditions is not yet a component of this study.
Surface data are calculated at 500 meter grid interval over a 30x30 km area. The data, illustrated in Figure 3 are contaminated with 5 µGal noise and represent four scenarios of interest. First, Figure 3 (a) is the data assuming full vertical sweep of the entire reservoir. This represents the ideal end-scenario of 30 meters vertical fluid movement throughout the site. The gravity anomaly predicted for a full sweep is 29 µGal. In contrast, panel (b) illustrates the decreased anomaly at the surface due to partial vertical sweep over the entire reservoir. To generate this data, the SOWC only achieves 18 meters vertical movement from the base, leaving 12 meters vertically unswept throughout the reservoir. Surface gravity simulations demonstrate that the modeled response of 18 µGal, an 11 µGal difference from panel (a), may be detectable from surface monitoring stations. 
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The remaining panels in Figure 3 The second sets of data for this study are from the borehole environment. We explore the possibility of utilizing two horizontal monitoring wells above the reservoir for improved resolution of fluid contact movement. The two wells, illustrated in Figure 1 , are simulated 20 meters above the reservoir and sample data every 100 meters. The total number of borehole data from the two monitoring wells is 218. The data are contaminated with 10 µGal noise. We do not illustrate the borehole data here.
Inversion Methodology
Two inversion approaches are well suited for the time-lapse gravity problem we have here. Both utilize density information appropriate to brine injection and seek to resolve shape information or distribution of the anomalous region (swept zones). The first is surface inversions. These methods will assume a simple topology for the boundaries of the reservoir and known density contrast and construct the interface between oil and brine. Examples of these approaches for salt body problems include Cheng (2003) and Jorgensen and Kisabeth (2000) . The methods have the advantage that they may directly input the known density contrast due to injection and provide a direct image of the oil-water contact.
A second natural approach is to implement a highly constrained generalized inversion approach, such as the binary formulation of Krahenbuhl and Li (2006) . For our problem, the method enables us to incorporate density contrast values appropriate to the time-lapse problem, similar to the surface-based inversion, while retaining the flexibility and linearity of cell based density inversions.
When implemented for the current problem, the swept regions take on values of 1, indicating change in density due to fluid replacement, while non-swept zones will take on values of 0.
In this presentation we recover information on fluid contact movement by inverting the surface and borehole gravity data using the later approach.
Results
Inversion results predicted by the binary technique are presented here for three scenarios of relevance to this study. First, full recovery of the reservoir for full vertical and lateral fluid contact movement is shown to illustrate successful sweep of the field. Results are illustrated in Figure 4 (c) in which the full volume of the simulated reservoir is successfully recovered from the noisy gravity data generated on the surface and in the borehole environment. The inversion result is a good representation of the Jotun field and confirms successful sweep of the entire reservoir.
The second two scenarios illustrate application of the methodology as an inter-seismic monitoring tool by distinguishing between predicted and actual horizontal fluid contact movement due to restricted vertical sweep. In complement to the previous scenario, Figure 4 (b) illustrates that unpredicted increases in lateral brine flow due to restricted vertical sweep may likewise be identified by jointly inverting 4D surface and borehole gravity data. Vertical resolution of the technique requires continued study such that the true depth of the SOWC might be identified here. The recovered density model at this stage improperly identifies regions of the SOWC within the upper 12 meters of the field. Whether this may be improved upon by fine-tuning inversion parameters such as depth weighting (Li & Oldenburg, 2000) , or if it is the humbling result of poor vertical resolution inherent in the gravity data has yet to be identified. However, results do successfully demonstrate that the approach can properly image, at the least, the lateral extent of fluid contact movement. The value of this information lies largely in the time difference between the observed flow-rate by surface and borehole gravity data, and that predicted by preliminary production simulations of such lateral movement of the OWC.
Discussion
In this feasibility study, we demonstrate that 4D gravity method may contribute to improved production efficiency and reservoir management in-between the more traditional, and expensive, 4D seismic surveys. Simulations thus far show that a well designed monitoring array of surface and borehole gravity meters can successfully image, at the least, lateral fluid contact movement during brine injection. Resolution may never achieve accuracy levels of 4D seismic, however the bulk distribution of time-varying density due to fluid replacement can be successfully recovered for comparison with reservoir simulations and projected fluid contact movement. This inter-seismic monitoring data may therefore provide additional valuable information to better optimize long-term reservoir management.
